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ABSTRACT

This final report documents the continued design, hardware implementation, and testing of
an acousto-optic (AO) multichannei adaptive optical processor (MADOP) for application to the
cancellation of multipath jamming interference in advanced surveillance applications. The work
described in this report was performed for the Photonics Center at Rome Laboratory (RL) and
represents the fourth year of Dynetics’ support on this project. The key program objective of this effort
was to enhance the performance of the MADOP hardware as demonstrated with the C-band radar
testbed at the RL Surveillance and Photonics Directorate. The successful integration of the MADOP
with the C-band radar testbed was achieved, and testing of jammer cancellation in'a number of
configurations was performed, including multipath scenarios. Performance results included
consistent signal-to-jammer (S/J) improvement of 30 dB or greater for narrowband tone jammers and
15 to 20 dB for wideband (8-MHz) noise jammers. Results for multipath were on the order of 10-dB S/J
improvement for wideband noise jamming with approximately a 110-ns multipath delay and a 1.13°

angular separation between the direct and multipath jamming signals.
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1. INTRODUCTION

This final report documents the continued design, hardware implementation, and testing of
an acousto-optic (AO) multichannel adaptive optical processor (MADOP) for application to the
cancellation of multipath jamming interference in advanced surveillance applications. This Expert in
Science and Engineering (ESE) effort is a continuation of an ongoing program within the Rome
Laboratory (RL) Photonics Center (References 1 through 10). Approximately half of the Dynetics effort
was performed onsite at RL, Griffiss Air Force Base, NY. This work was accomplished in conjunction
with Photonics Center personnel Lt. M. Turbyfill, Lt. J. Lutsko, and E. Walge, and Surveillance
Directorate personnel M. Rudd, D. Mokry, and P. Stone under the in-house Project 4600P107. All work
described in this report was performed under ESE Contract F30602-95-C-0077 during the period of
15 May 1995 to 14 May 1996.

The U.S. Air Force (USAF) has a requirement to effectively operate surveillance radars in
the presence of hostile jammers and other interference sources, including multipath. The signal
environment of the future is becoming increasingly dense, including the appearance of more wideband
emitters that add to the complexity of the problem. Meeting this requirement demands a capability to
cancel this interference in order to improve target detectability and track performance. ‘Optical signal
processing technology offers a possible solution to this demanding signal cancellation problem. This
advanced technology has been pursued within the RL Photonics Center to address such USAF
problems. The MADOP system has been part of this technology development over the past 5 years and
appears to offer an attractive solution to future USAF surveillance missions in the presence of complex

interference environments.

The key program objective of this effort was the enhancement of the MADOP hardware in
order to improve the integration and testing of the system with the C-band radar testbed at the RL
Surveillance and Photonics Directorate. To meet this objective, three activities were pursued: 1) the
enhancement of the electronic canceller circuit to attain greater notch depths, 2) the improvement of
the AO correlator subsystem to achieve greater stability in the C-band radar laboratory, and 3) the
testing of the MADOP in the C-band radar testbed, including multipath jamming tests. The
enhancements to the electronic canceller circuit were achieved by removing attenuators and path
length from the feedback loop and adding diode limiters at the front of the phase comparator
component to keep the signal levels below the damage threshold. Two alternatives to the Mach-
Zehnder configuration of the AO correlator were considered in this effort. An in-line system that
employs one AO cell and a modulated laser diode was fabricated and tested during on-site support
period two. In addition, during on-site support period three, the RL-developed almost-common path

AO correlator that employs a dove prism between two AO cells was used in the C-band radar testing.
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We believe that this architecture will offer the greatest long-term potential for an optical correlator
solution. During on-site support periods one and three, significant testing occurred with the C-band
radar testbed, culminating in the successful testing of the MADOP in a challenging multipath

scenario.

The key program objective was met during this program by integrating the MADOP with the
C-band radar testbed at the 80-MHz system intermediate frequency (IF) (over the 8-MHz testbed
bandwidth) and testing the cancellation performance in several configurations using narrowband tone
and wideband noise jammers. Performance results included consistent signal-to-jammer (S/J)
improvement of 30 dB or greater for narrowband tone jammers and 15 to 20 dB for wideband (8-MHz)
noise jammers. Results for multipath were on the order of 10-dB S/J improvement for wideband noise
jamming with approximately a 110-ns multipath delay and a 1.13° angular separation between the
direct and multipath jamming signals. This integration and multipath testing represents a significant

milestone in the long-term development of the MADOP system.

This technical report is organized as follows. After this ihtroduction, the adaptive
cancellation algorithm implemented by the MADOP hardware is described in Section 2, with continued
emphasis on some of the challenges to be faced with testing in more complex signal environments. This
section is only slightly modified from an earlier report and is included to provide perspective on the
test results that follow. Section 3 provides an overview of the MADOP hardware configuration and
details the improvements made to both the optical and electronic subsystems. MADOP system testing
with laboratory signals and with the C-band radar testbed are then addressed in Section 4, followed

by conclusions and recommendations in Section 5.

1-2




2. MADOP ALGORITHM OVERVIEW

The MADOP has been designed to achieve time-domain cancellation of multiple wideband
interferers. As designed, the system will be able to cancel four independent interference sources, with
each source having up to a 10-MHz bandwidth. The initial implementation emphasizes two channels.
The key advantage of the optical approach over current state-of-the-art digital and analog electronic
implementations is the ability to cancel wideband interference by using multiple tap weights per

channel. The fact that the canceller employs time-domain cancellation also allows considerable

latitude in the separation between the main antenna and the auxiliary channel antennas.

Furthermore, the ability to implement multiple tap weights in the time-domain canceller provides the
potential for jammer cancellation in the presence of multipath in the main and auxiliary channels. The
discussion below contains an overview of the MADOP and its implementation within a radar.

Cancellation in the presence of multipath is also addressed.

2.1 PROBLEM DEFINITION

Figure 2-1 presents an illustrative summary of the scenario being addressed. In this figure,
two independent interference sources, n;(t) and ns(t), with spectral content in the radar system
passband, contaminate the directional main antenna target return, s(t), through the sidelobes. The
multipath versions of the two interference sources also contribute a significant noise term to the main

channel signal resulting in the reception of:

P1 Q1
d(t) = s(t) + 2 apn(t-19 )+ z g No(t—17 ) (2-1)
n=1 - m=1

where ay, and ay, represent relative attenuations due to multipath losses together with antenna
sidelobe gain relative to mainlobe gain, and 17, and 7y, represent the signal delays. The direct-path
interference is given forn = 1 and m = 1. It is assumed that the interference is on the order of, or much
larger than, the target return, s(t), résulting in a low S/J ratio in the main antenna. The two auxiliary
antennas receive the interference, but the target return entering these antennas is negligible because

of the low main-channel S/J assumption. Thus, the two auxiliary antennas receive the signals:

P2 Q2
Ny®) = > ajnit-1)+ » ag ngt-T9),
n=1 m=1
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P3 Q3
Ny(t)= Y apn(t-1 )+ D 2y ny(t=Ty,). (2-2)

n=1 m=1

In addition to these correlated noises, uncorrelated receiver noise is present at each antenna. In

general, P1, P2, P3, Q1, Q2, and Q3 can be different.

\\i\\ “7{‘\\” -
d) \\%%\ \// )
NS @

" P stntetutndand
L——: MADOP BEST FILTERED
> VERSION OF s(t

no(t)

TR-96-1531-C007

Figure 2-1. Two-Dimensional Operational Scenario for MADOP

Figure 2-2 shows a simplified block diagram of a typical surveillance radar that may benefit
from the MADOP. This diagram is not intended to represent a specific radar system. The MADOP is
shown in the radar IF after downconversion from the radio frequency (RF) carrier (3 or 10 GHz for
example). The waveform generator provides the signal to be transmitted and also provides the
matched filter to the signal processor to allow for pulse compression and pulse integration/Doppler
filtering. The antenna system, whether phased array or dish, forms a beam (or multiple independent
beams, as possible with a phased-array antenna) that illuminates the target in the presence of
interference. The target reflection, contaminated by interference, is received in the main channel,
while the interference is also received in auxiliary antenna channels (which can be portions of a single
phased array). All signals are downconverted to the IF and input into the MADOP. The output of the
MADOP is the desired signal with the interference suppressed. This signal then enters the coherent
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pulse compression and Doppler filtering system, which is often implemented digitally following analog-
to-digital (A/D) conversion of in-phase and quadrature (1&Q) channels. After this signal processing,
the data processor performs such operations as target detection and tracking, beam scheduling, system

control, and interface to the display.

NOTES:

1. DOWNCONVERSION AND A/D CAN BE DONE IN ONE REAL
AUXILIARY AT A L(O:\S)V 13 CHANNEL
ANTENNA 2. SIGNAL PROCESSING CAN BE DONE IN ANALOG DOMAIN WITH A/D

CONVERSION AFTER RANGE AND/OR DOPPLER PROCESSING
TRANSMIT/
> RECEIVE IF BASEBAND | WAVEFORM
GENERATOR
SWITCH IF-RF BASEBAND-IF
MIXING . MIXER
CHAIN
RE IF
—-Pé————f MADOP
AUXILIARY ADAPTIVE
ANTENNA il > IF IF CANCELLER
' v F
DOWNCONVERSION
IN 1&Q CHANNELS
BASEBA
SIGNAL PROCESSOR ¥ BASEBAND
DI/ + PULSE COMPRESSION A/D CONVERSION
PROCESSOR « DOPPLER PROCESSING
+ DETECTION

TR-96-1532-C007

Figure 2-2. Surveillance Radar Simplified Schematic With Adaptive IF Processing

As stated above, the goal of the adaptive processor is to react to the interference environment
in such a way that the main antenna interference is cancelled, resulting in a satisfactory S/J for further
processing. The algorithm for achieving this objective is described below. The goals for this feasibility
demonstration program, as coordinated with personnel in the Surveillance Technology Division of the
Surveillance and Photonics Directorate (OCTS), are shown in Table 2-1. It is recognized that,
although the loop lock time (time to reach steady state) is critical in system applications (500 s is
desirable), the personal computer (PC) interface in the digital subsystem used in the current
implementation makes practical loop lock times unachievable. The development of real-time, special-

purpose digital interfaces will greatly increase system speed.
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Table 2-1. Feasibility Demonstration Goals

System Bandwidth (MHz) , 10 )

Number of Interference Sources 4 (initial demo will accommodate 2)
Maximum Multipath Delay (us) 5 (corresponds to 1.5-km diﬂ'erential path)
Interference Cancellation Ratio (dB) | 30

Number of Multipath Delays >4

Loop Lock Time (ms) 5

Processor IF (MHz) ‘ 80

2.2 ADAPTIVE CANCELLATION ALGORITHM

Before considering the detailed math behind the adaptive cancellation algorithm, it is useful
to consider the similarity between the MADOP and a traditional radar sidelobe canceller. The MADOP
can be viewed as consisting of two subsystems, namely the long delay window AO tapped delay line
(AOTDL) filter (driven by the AO correlator output) and the electronic canceller. The electronic
canceller serves to lock the phase of the output from the AOTDL to the phase of the main-channel
return. When these phases are matched, subtraction of the jamming signal can be performed. This is
the function of a sidelobe canceller, which assumes no delay of the envelope of the jamming signal but
rather just a phase shift of the carrier. The power of the MADOP system resides in its additional
capability to estimate the delay of multipath components in the received jamming signal and to use
these estimates to form an estimate that has an envelope that may in fact be quite different from the
auxiliary channel output. The challenges of this cancellation problem in the presence of multipath is

the motivation for continued pursuit of this processor.

The standard multidimensional tapped delay line implementation of the least mean squared
(LMS) algorithm is shown in Figure 2-3. Note that the LMS algorithm is based on steepest descent
techniques, where the weight function is updated in the direction opposite the gradient at the current
weight value. This will cause the weights to move in such a way as to reduce the mean-squared-error
(MSE) along the steepest gradient. The input signals from the auxiliary antennas N;(t) are convolved
with the weight functions wy(t; 1), which are functions of time, t, and delay, T, to yield an estimate dgg(t)

of the main channel signal:

a

p 2
d () = Y J' wi (BN, (E-T)d (2-3)
i=1_T,
2
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where P is the number of auxiliary antennas and T, is the length of each tapped delay line. This
estimate is subtracted from the main channel signal d(t) to form an error signal e(t). The weights are
then updated according to the degree of correlation between this error and the auxiliary channel

inputs. The ith weight function is represented mathematically as:

t
w,(57) = w;(031) +J'a(t)e(t) N; (t-1)dt (2-4)
0

where a(t) is a time-varying (in general) acceleration parameter. As this process continues in time, the
adaptively changing weights converge to a steady-state solution (if the signal environment is
stationary). This cancels the interference in the main channel, which equivalently yields the minimum

MSE and maximum output S/J ratio.

No(t) o= T,
AUXILIARY .
)y e——> .
CHANNELS Ni®® : TAPPED-DELAY LINE
Np (tye—
T1 12 eve see TM .
Nj(t-1) .
wi(tTN;(t-1) :
1‘51 211 eose ese PTM .
v ¥ v
SUMMATION
d(t).M,

TR-96-1633-C007

Figure 2-3. Classical Multichannel LMS Adaptive Filter

The classical LMS algorithm performs a weight update at each point in time. If a discrete
algorithm is employed, the weight update is achieved at each time step, which must be at a frequency
greater than twice the widest bandwidth to be processed. Thus, for 10-MHz bandwidth signals, the

time step and weight update occur every 50 ns. Figure 2-3 implies that taps must be positioned every
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50 ns if discrete taps are employed. The integration shown in Equation 2-4 occurs over the entire
observation period, resulting in a continuous weight update. In addition, as the weights are updated,

the error continues to be reduced, which then feeds back into the weight calculation integration.

In the current implementation of the MADOP, the weight computations are performed by a
digital computer, which means that the weights cannot be updated at the rate indicated above.
Because of this, an alternative to the classical LMS algorithm is currently implemented in the
MADOP. For our system, the correlation is performed, in the AO time-integrating correlator, over a
longer window of time (T) during which the weight functions do not change. This time window has
typically been greater than 2 ms. After the correlation has been obtained, the results are used to
bupdate the weight functions, a process that is performed in the digital computer and takes an

additional increment of time (t,). In the current implementation of the MADOP, t, is approximately
1s.

Because of the longer correlation time, the weights computed in a single step are very close
to the final weights that would result after several iterations of the classical LMS algorithm. As a
result, it is no longer necessary to use the error signal (e(t) in Figure 2-3) to update the weights.
Instead, the weights can be computed by directly correlating the main and auxiliary channel signals.
This difference is similar to the two adaptive beamforming approaches: 1) iterative schemes that
converge to the desired result and 2) direct matrix inversion of the correlation/covariance matrix that
is formed through integration of the received signals over some relatively long time window. This'

longer integration is the basis for what has been implemented in the current MADOP system.

The windowed algorithm described above is similar to the block adaptive filtering approach
that has been increasingly researched in the digital adaptive filtering community (References 11
through 13). The primary motivation for this interest is the compatibility of block routines with fast
convolution algorithms that employ fast Fourier transforms (FFTs). In these adaptive filters, the
weights are updated based on a window of data, rather than at each time step. An interesting result
related to these block routines is that the convergence generally proceeds much faster than for the
classical LMS routine due to the reduction in the gradient estimate noise. Also, highly correlated input

data, resulting in a high correlation matrix condition number and generally slow convergence, are

better processed through block techniques.

2.3 MULTIPATH CONSIDERATIONS

The cancellation of interference containing multipath returns has been very difficult for
conventional sidelobe cancellers because the cancellation is based on adjusting the amplitude and

phase of the auxiliary channel signal and subtracting it from the main channel signal. Such an
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approach does not allow a means of accounting for delays caused by the multipath. Digital ap'i)roaches

have been implemented with some success.

In contrast to conventional sidelobe cancellers, the MADOP effects cancellation by delaying
and adjusting the amplitude of the auxiliary channel signal and subtracting it from the main channel
signal. Furthermore, the MADOP can apply multiple delays and amplitude weights to cancel the

multiple returns caused by multipath.

As an example, let the signal in the auxiliary channel be:
N, (t) = bn(t) (2-5)

where n(t) is the interference signal and b accounts for the auxiliary channel antenna pattern and
receiver characteristics. The range delay of n(t) and its delay through the receiver are set to zero

without loss of generality for this analysis.

Let the main channel signal be given by:
d(t) = s(t) + adn(t - ‘cd) + amn(t - 'cm) (2-6)

where s(t) is the desired signal. The two interference terms represent the direct path (d subscript) and
the multipath (m subscript) components, a; is the relative amplitude, and 7; is the delay relative to the

auxiliary channel interference signal.

For these main and auxiliary channel signals, the AOTDL of the MADOP would ideally be
configured (by the weight computation algorithm) to have two delays with weights of a4/b and ap/b.

The result would be a cancellation signal of:
dest(t)= ad/le(t - ‘td) + am/le(t - ‘cm) = adn(t - ‘cd) + amn(t - ‘Em) . 2-7)
The resultant output of the MADOP would be:

e(t) = d(t)——dest(t) = s(t). (2-8)

The key point above is the ability of the AOTDL to implement multiple time delays with multiple
weights. ’

The above discussion was based on the premise that the main channel receives multipath
returns, while the auxiliary channel receives only direct-path returns. A more realistic scenario

involves the case where both the main and auxiliary channels receive multipath signals. In this case,
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the ability to cancel the interference signal becomes more questionable. However, given the ability of
the AOTDL of the MADOP to implement multiple delays and weights, it still may be possible to effect

sfgniﬁcant interference cancellation.

To discuss how the MADOP might be configured to handle multipath signals in the main and
auxiliary channels, we consider the same problem in the sampled data domain and make use of

z-transforms. In this context, let the auxiliary channel signal be:
Nl(k) = bdn(k— ld) + bmn(k -1 (2-9)
and the main channel signal be:
d(k) = s(k) + adn(k —kd) + amn(k - km) = s(k) + Nmain(k) . (2-10)
The MADOP implements the equation

ek) = d(k)-w(k) * Ny (k) (2-11)

where w(k) represents the delay and weighting characteristics of the AOTDL and * denotes

convolution.

Substituting for d(k) results in:

ek) = s(k)+N (k) -w(k) * Ny (k) . (2-12)

main

Ideally, we want e(k) = s(k), which leads to the requirement that:

Nmain(k) -wi(k)* Nl(k) =0. (2-13)

The above says that we want to find w(k) such that the above equality is valid.

We can further examine the calculation of w(k) by transforming the above to the z-domain.

Specifically, Equation 2-13 can be written in the z-domain as:

Nmain(z)—W(z)Nl(z) =0 (2-14)

where N ,in(z), W(z), and N(z) are the z-transforms of Np;,(k), w(k), and Ny(k), respectively.

Hence, the AOTDL delay and weighting needed to effect interference cancellation can be

obtained as:




. »
W(z) = _m_"f‘_l%__ . (2-15)

This is an interesting result but is of little practical value since it requires knowledge of N (z) and

N;(z). A more practical result can be obtained by multiplying Equation 2-14 by N%(1/z) to yield:

N ain(@N; (1/2) - W@N; @N] (1/2) = 0 (2-16)
or
(z)N (1/z)
W(z) = mam 1 (2-17)
1(z)N1(1/z)

The act of multiplying N ,;n(z) and N(z) by N7 (1/z) represents a correlation of Np,;,(k) and Ny(k)
with Ny(k). The correlation of Ny, (k) with Ny(k) is currently the operation performed by the AO
time-integrating correlator of the MADOP. More specifically, the correlator performs the operation:

d(k)®N1(k) = [s(k)+N (k)]®Nl(k)

main
=s(k)®N (k)+Nmain

k)®N,(k
*Nmain(®) (&) (2-18)

(k) ® N, (k)

The assumption that s(k) ® N;(k) = 0 is a basic assumption of the MADOP and is based on the fact that
s(k) and N;(k) are uncorrelated.

For the case where there is no multipath in the auxiliary channel and N(k) is wideband:
N, () ® N, (k) = b 8(k) 2-19)
and

Nl(z)N:(l/z) — b2, (2-20)

With this, W(z) and w(k) become:

Wz) = - N (z)N (1/2) (2-21)

mam
b2
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and

1

wik) = SN (k) ® N (k) ~ iz d(k) ® N, (k). (2-22)
b b

The latter equation represents the weight calculation as a block LMS algorithm and is the form

currently implemented in the MADOP.

W(z) as given in Equation 2-21 is of the form:
-1 .
W(z) = Zsz , (2-23)
m

which means that the convolution of w(k) and d(k) can be performed in a finite impulse response (FIR)

filter as is currently done in the AOTDL portion of the MADOP.

For the case where the interference in the main channel contains both direct-path and

multipath signals, and the interference is wideband, the autocorrelation of N;(k) yields:
N, (k)®N, (k) = ¥ d 8k-ky), (2-24)
n
thus,
. 3 &
N,(z)N(1/2) = Zdnz o (2-25)
n

This means that W(z) will not be of the simple form of Equation 2-23, but will be the ratio of

polynomials in z. That is:

Senz ™

W(z) = _m_—_—k- . . (2-26)
2.4
n
The above form of W(z) implies that the convolution of d(k) and w(k) must be carried out by an infinite

impulse response (IIR) filter. A method of implementing such a filter using AOTDLs was presented in
the final report for the second ESE effort (Reference 2).

2-10




A block diagram of a modified MADOP that would implement the above algorithm is
contained in Figure 2-4. It differs from the current configuration by the addition of another AO time-
infegrating correlator to form the autocorrelation of N;(t) and another AOTDL to implement the IIR

filter.

MﬁtiiijNEL AUXILIARY CHANNEL
AO
Il TIME-INTEGRATING
CORRELATOR |4
DIGITAL
COMPUTER
AO
TIME-INTEGRATING
d(t) CORRELATOR
dp N,y (1)
y
g . AOTDL
T je et T FILTER
4
Cm l
e(t) = s(t) AOTDL "
FILTER A
TR-96-1534-C007
Figure 2-4. MADOP Configuration for Implementing an IIR Filter

The implementation of the MADOP indicated in Figure 2-4 is considerably more complex
than the original MADOP configuration. In addition, as indicated in Reference 2, there is a potential
problem with the stability of the IIR filter. Because of this, this method of implementing the MADOP
should be carefully investigated before it is pursued further. Preliminary investigations conducted
during the previous ESE effort indicate that the original, adaptive LMS implementation of the
MADOP may be.able to compensate for multipath by providing an FIR approximation to the IIR filter.

This is an area that warrants further investigation.
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3. MADOP HARDWARE CONFIGURATION

During the performance of this effort, the optical and electronic subsystems of the MADOP
were further developed and tested. Previous test results and detailed theoretical development are

contained in References 1, 2, and 3.

3.1 OVERVIEW OF THE ARCHITECTURE

The MADOP subsystems and their relevant inputs and outputs are shown in Figure 3-1.
This figure shows two auxiliary antenna inputs together with the main channel received signal. The
AO time-integrating correlator accepts the main channel signal and the auxiliary channel signals and
| forms the appropriate cross-correlations. This cross-correlation information contains the information
needed to select, through the PC interface, the weights to be applied to the AOTDL filter. This AOTDL
filter convolves the auxiliary chahnel inputs with the weights and sums the resultant channels to
obtain an estimate for the jamming signal in the main channel. This estimate was originally
subtracted from the main channel to generate the error signal. After development of the system, it was
noted that the system maintains a stable tap position relative to the envelope of the modulation, but
relative to the 80-MHz IF there is phase drift. Therefore, the single-loop electronic canceller was
fabricated and inserted into the system at the output of the AOTDL filter to, in effect, lock the carrier

of the AOTDL filter output to the main channel signal to achieve effective cancellation.

Each of the following subsections will describe the further development and testing of the
individual subsystems, namely the AO time-integrating correlator, the AOTDL filter, the single-loop

electronic canceller circuit, and the PC interface.

3.2 TIME-INTEGRATING CORRELATOR FOR WEIGHT FUNCTION CALCULATION

The work performed on the time-integrating correlator under this effort included:
1) alignment and optimization of the Mach-Zehnder AO correlator during on-site support period one;
2) development and testing of an in-line architecture that employs a laser diode and multichannel AO
cell during on-site support period two; and 3) alignment and use of the RL-developed almost-commeon
path in-line AO correlator that uses a dove prism between two multichannel AO cells. Items 2 and 3

represent new architectures that are described in more detail in the following subsections.

3.2.1 In-Line Time-Integrating Correlator

Prior efforts (References 1, 2, and 3) had considered the in-line time-integrating correlator

architecture, but it was decided during these previous contracts that the Mach-Zehnder architecture



was preferable. During this effort, the correlator architectures were reconsidered in the light of new

concerns for stability within the C-band radar test environment.

MAIN CHANNEL AUXILIARY AUXILIARY
' CHANNEL 1 \(_) \ﬁ CHANNEL 2

3 SINGLE-LOOP | <
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LINE WEIGHTS
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J
WEIGHT UPDATE

AQO TIME-INTEGRATING |
CORRELATOR

Y

A

TR-96-1535-C007

Figure 3-1. MADOP System Layout for Two Channels

During on-site support period two, Dynetics fabricated and tested an in-line time-integrating
correlator based on direct modulation of a GALA model 075-04-04 laser diode emitting at a wavelength
of 750 nm. The hardware implementation was performed using RL equipment. Figure 3-2 illustrates
the optical layout of the in-line time-integrating correlator architecture. The output of a modulated
laser diode is collimated and expanded to fill the multichannel AO-device. For testing purposes, the
entire multichannel AO cell was illuminated however only a single channel was used for correlation
processing. To detect and integrate the correlation output, a linear 512-pixel charge coupled device
(CCD) array was used.

Mathematically, the operation of the in-line architecture is as follows. The laser diode

intensity modulation is given by:

L) = Ayl +m Re{A (t)exp[jo,(t)]exp[j2nf,t]}] (3-1)
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where m; is the modulation depth, A (t)explj¢.(t)] is the complex baseband main-channel modulation,

and f;, is the laser diode carrier frequency. Each channel of the AO cell is amplitude modulated to

provide the spatial and temporal signal:

Ayt;1) = [A){1+myAyn(t-T)exp[-jop(t-T)]exp[-j2nfo(t - 1)1}
. exp[—j21tfc(t -]

(3-2)

where m, is the ratio of signal amplitude to reference oscillator amplitude, An(t)exp[jon(t)] is the
complex baseband auxiliary-channel modulation, and £, is the AO cell carrier frequency. Taking the
squared magnitude of this amplitude and multiplying by the laser intensity modulation given above

provides the detected intensity for the ith correlation:

2 .
I4(t:1) = AjA,(1+m2AN(t-1))

+A;A,m (1+ m%AIZ\I(t ~1)Re{A,(t)exp[jo,(t)]exp[j2nfyt]}

+ A A 2m,Re{ An(t - T)exp[-jop(t - T)]exp[-j2nfo(t ~ 1)1}

+ A Aym myRe{ A, (H)expliog(t) Ay (t-T)expl-jon(t - D)]explj2nfyt]}

+ A1A2m1mzRe{Ae(t)exp[j¢e(t)]AN(t —-1)exp[jopn(t —7)] exp[j21t(2f0t - fot)] 3.

(3-3)

The second, third, and fifth terms shown have a temporal modulation at frequency fy and will integrate
to zero over typical detector integration times. The first term is low frequency in both space and time
relative to the desired term, which simply results in an intensity bias. The fourth term in this equation
is the desired term, which when integrated over time yields the carrier-modulated correlation. After
detector readout, but before digitization, it is desirable to employ a bandpass filter (BPF) to eliminate

both the low-frequency bias and the high-frequency clock noise.

An Excel spreadsheet was used to determine imaging requirements based on physical
parameters of the components used. The spreadsheet allows various configurations to be examined,
yet remains consistent with design goals and physical limitations. For example, the detector sampling
requirement is calculated according to standard Nyquist sampling theory. First, consider the imaging
of the 5-us correlation window across the linear array. The highest temporal frequency (encoded
spatially) for the numerical example above is 20 MHz (15-MHz center frequency with a 10 MHz
bandwidth). One cycle at this frequency corresponds to 50 ns, which implies a required pixel spacing
of 25 ns. Using this spacing over a 5-us window requires a total of 200 pixels. Thus, the Nyquist
sampling requirement will be satisfied with a standard 512-pixel array. If the carrier frequency is
increased to greater than 15 MHz (by using a reference oscillator of less than 65 MHz), more than

200 pixels will be required. This shows why the use of the undiffracted beam as a reference oscillator
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is impractical (the reference oscillator offset is 80 MHz requiring more than 800 pixels). The critical
design parameters calculated by the spreadsheet for the in-line architecture constructed during the

second on-site visit are given in Table 3-1.

Table 3-1. Design Spreadsheet for In-Line AO Correlator

Parameter Value CE?:E{:S; d
System Requirements -
System Bandwidth (MHz) 10.00 Entered
Time-Bandwidth Product (Number of Range Bins) 100.00 Calculated
Frequency Resolution (MHz) 0.10
Spur Free Dynamic Range (3-Tone) (dB) 30.00 Entered
System IF (GHz) 0.08 Entered
Desired Roll-Off across Correlation Window (e72) 1.00 Entered
Spot Size Increase Factor Over Rectangular 1.00 Entered
Integration Time (us) 1000.00 Entered
Laser Diode Information
Wavelength (nm) 750.00 Entered
Bias Optical Powee (mW) 2.00 Entered
Maximum Optical Signal Power (mW) 4.00 Entered
x-Axis Gaussian Beam Factor at AO Cell (mm™) 0.00 Calculated
x-Axis e? Beam Size at AO Cell Diameter (mm) 21.00 Calculated
Desired y-Axis e2 Beam Size at AO Cell (mm) 2.00 Transferred
Actual y-Axis e2 Beam Size at AO Cell (mm) 2.00 Entered
y-Axis Gaussian Beam Factor (mm2) 2.00 Calculated
x-Axis Error Function Parameter 1.41 Normalized Calculated
y-Axis Error Function Parameter 2.00 Normalized Calculated
Fraction of Power Used in x-Axis 0.84 Calculated
Fraction of Power Used in y-axis 0.95 Calculated
Required Time Delay (us) 5.00 Calculated
Center Frequency (MHz) 12.50 Calculated
Maximum Frequency (MHz) 17.50 Calculated
Required Conversion from IF (MHz) 67.50 Calculated
AOQO Drive Information
Signal-to-Tone Ratio 1 Entered
Tone Frequency (MHz) 67.5 Calculated
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Table 3-1. Design Spreadsheet for In-Line AO Correlator (Continued)

Parameter Value CE;III:ST:Z d
Tone Power (dBm) 18.01 Calculated
Signal Power (dBm) 18.01 Calculated
Tone Diffraction Efficiency (%) 4.74 Calculated
Signal Diffraction Efficiency (%) 4.74 Calculated
Total AO Bandwidth (MHz) 17.5 Calculated
Signal Center Frequency (MHz) 80.0 Calculated
Required Downconversion from ESM (MHz) 0.0 Calculated
AOQ Cell Data
Required Time Aperture (us) 10.00 Calculated
Acoustic Velocity (m/s) 3960.00 Entered
Acoustic Aperture of Interest (mm) 39.60 Calculated
Acoustic Column Height (mm) 2.00 Entered
Bragg Angle at Center (deg) 0.41 Calculated
Diffraction Efficiency per RF Watt (Approximate) (%/W) 75.00 Entered
Diftacton ffcioney o Masinum Sievl (St g9
Maximum Drive Power for Input Signal (dBm) 21.02 Calculated
AO Center Frequency (MHz) 76.25 Entered
Diffracted Angular Spread (deg) 0.19 Calculated
Angular Separation (fg, — fiow) (deg) 0.73 Calculated
Total Angular Spread (f5, — f,,%) (deg) 0.92 Calculated
Losses
Optical Losses 0.50 Entered
Spatial Frequencies Before Magnification
Spatial Frequency BW of Correlation (Maximum) (Abels) |2.53 Calculated
Highest Spatial Frequency (Abels) 4.42 Calculated
Imaging Optics
Required Magnification of Optics 0.14 Calculated
Focal Length of Imaging Lens (mm) 80.00 Entered
Distance from AO to First Lens (mm) 637.01 Calculated
Distance from Lens to Detector Array (mm) 91.49 Calculated
'Lens Aperture Required for dc + Diffracted (mm) 49.86 Calculated
Lens Aperture Required for Diffracted Only (mm) 41.71 Calculated
1.60 Calculated

Required f/# for dc + Diffracted
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Table 3-1. Design Spreadsheet for In-Line AO Correlator (Continued)

Enter
Parameter Value Calcul:tde/ d
Required #/# for Diffracted Only 1.92 Calculated
Vertical e Diameter on Detector (mm) 0.29 Calculated
Cylindrical Lens - Not Used
Focal Length (mm) 50.00 Entered
Approximate Distance from Detector (mm) 50.00 Calculated
Diameter at Lens (mm) 0.27 Calculated
Approximate e Beam Size at Detector (um) 193.43 Calculated
Vertical Gaussian Factor (mm™) 213.81 Calculated
AO Intensities
Percent in Tone (%) 4.74 Calculated
Percent in Signal Term (%) 4,74 Calculated
Percent in Squared Signal Term (%) 4.74 Calculated
Intensity Multiplication
Power in Bias/dc Term (uW) 37.80 Calculated
Maximum Power in Signal Term (uW) 75.60 Calculated
Power in Squared Signal Term (uW) 37.80 Calculated
Spatial Frequency Content of Squared Term (Abels) 0.00 Calculated
Total Biases (UW) 75.60 Calculated
Contrast Ratio 1.00 Calculated
Detector Information
Carrier Frequency Factor [N*(B/2)] 2.50 Entered
Number Detectors per Highest Frequency (fpjg1) 2.50 Entered
Detector Spacing (um) 13.00 Entered
Number of Detectors per Correlation Peak 4.38 Calculated
Peak Correlation Energy per Pixel (pJ) 172.81 Calculated
Peak Correlation Photon Counter per Pixel (photons) 6.52 x 1078 Calculated
Quantum Efficiency (electrons/photon) 0.10 Entered
Peak Correlation Electron Count per Pixel (electrons) 6.52 x 1077 Calculated
Maximum Allowable Electron Count (electrons) 1.50 x 10°® Entered
Peak-to-Maximum-Electron Ratio 434 Calculated
Amplifier Noise/Clock (electrons) 100.00 Entered
Dark Noise Rate (e/ms) 2000.00 Entered
Dark Noise (electrons) 2000.00 Calculated
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Table 3-1. Design Spreadsheet for In-Line AO Correlator (Concluded)

Parameter Value CEIII:E;.:Se/ d
Output Voltage Scale Factor (uV/electron) : 2.00 Entered
RMS Noise Voltage (mV) 0.20 Calculated
Peak Output Voltage (V) 3.00 Calculated
Peak Correlation Signal Voltage (V) 3.00 Calculated
Peak Correlation Signal + Bias Voltage (V) 130.32 Calculated

Number of Detectors ‘ |

Calculated Number of Detectors 437.50 Calculated
Actual Number of Detectors 512.00 ‘ Entered

Coherent operation is achieved with the in-line architecture by adding a reference oscillator
to the AO cell input to create a reference beam to spatially and temporally interfere with the
information beam. The interference between the reference beam and the information beam at a
relative angle will create the spatial fringe pattern described earlier. In addition, due to the different
Doppler shifts induced by the AO cell, the fringe pattern will oscillate at the difference frequency
between the reference frequency and the information frequency. Modulation of the laser diode cancels
this beat frequency in order to freeze the fringe pattern and allow for time integration. The
undiffracted beam can be used to interfere with the information beam, but the resulting spatial carrier
frequency will be prohibitively high, requiring a very long detector array to adequately sample the
carrier. Using the reference oscillator allows the user to set the output carrier at the desired frequency.
The condition on this carrier is that the reference oscillator be at least 1.5 times the bandwidth away
from the information center frequency. Thus, for an 80-MHz center and a 10-MHz bandwidth, the
reference oscillator must be at a frequency of 65 MHz or less (or greater than 95 MHz). For this
numerical example, with a 65-MHz reference oscillator resulting in a 15-MHz oscillator offset, the

laser diode must be driven with the 10-MHz bandwidth signal on a 15-MHz carrier.

Figures 3-3 and 3-4 illustrate the design of the electronics used to generate the input
signals to the laser diode and to the AO cell. Note that the direct current (dc) bias term for the laser
diode input is generated internal to the GALA laser system. Also, the electronics design shown in these
figures is configured for realizing an autocorrelation. Thus, s(t) represents the temporal signal to be
autocorrelated. As shown in Figure 3-3, the offset frequency, f;, was chosen to be 12.5 MHz. The

requirement on the tone separation depends on the bandwidth of information being input to the

correlator and is given by:

f, 2 1.5B. (3-4)
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Figure 3-3. In-Line Correlator Design Input Specira

Figure 3-3 illustrates the required signal spectrum inputs into the AO cell and laser diode.
Figure 3-4 shows the configuration of the RF drive electronics used for testing the operation and

performance of the in-line correlator.

Tests were performed to determine the dynamic range of the laser diode to be used in the
in-line correlator initial breadboard. Due to its immediate availability, a DO Industries GALA laser
system (model 075-04-04, 750-nm, 4-mW maximum power) was chosen as the laser diode. A
high-speed photodiode (Antel Corporation) was used to detect the temporal modulation of the laser
diode. The output of the photodiode was observed on a Tektronix 11403 digitizing oscilloscope. The
dynamic range was calculated in the following manner. A sinusoid was input to the laser diode. The
signal power was set to correspond to the maximum output of the laser diode. After photodiode
detection, the input signal to the laser diode was attenuated, and the corresponding results were
observed on the oscilloscope. The maximum amount of attenuation that still allowed detection of the
modulated waveform was used as an indication of the dynamic range. For the test, an 80-MHz sinusoid
was input into the laser diode. As a result of the test, it was determined that the dynamic range of the
laser diode was approximately 27 dB. Previous testing (Reference 3) of a GALA laser diode (model
067-02-04) indicated a dynamic range greater than 45 dB. This difference resulted from the use of a
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different laser diode whose operation is not optimized for higher-frequency modulation. Additionally,
the modulated output of the 750-nm laser diode was very noisy, showing strong spikes in the

modulated signal.

The laser diode used in an in-line correlator architecture is critical to the overall achievable
performance. A specially constructed high-bandwidth, high-optical-power laser diode should be

considered for any further in-line designs.

Adjustments in AO cell position and imaging/focusing lens positions were made to optimize
the uniformity of the correlation across the range window. An 80-MHz tone was input to each AO cell,
resulting in the spatial carrier correlating across the charged coupled photo detector (CCPD) array.
Figure 3-5 shows the output from the linear CCD array. A two-dimensional (2-D) camera was used
to aid initial AO cell alignment since the optical power of the laser diode at 750 nm was very small and
falls at the edge of the human eye response. As can be observed from Figure 3-5, the optical
modulation depth is very good, using almost all of the dynamic range of the detector. However, the
- uniformity across the array window is rather poor. Pixel-to-pixel nonuniformities and gain imbalances

between odd and even pixels also appear to contribute to the overall nonuniformities observed.

Correlation window centering was achieved through the use of a 10-MHz bandwidth noise
signal into the AO cells. The CCD array was linearly translated along the AO aperture direction, until
the correlation peak due to the noise was centered on the array. Figure 3-6 shows the alignment
results and the autocorrelation of a 10-MHz bandwidth noise source with the laser diode dc bias set to
maximum. Figure 3-7 shows the autocorrelation of a 10-MHz bandwidth noise source with the laser
diode dc bias set to minimum. Each plot shows the nonuniformities across the window. Although the
magnitude of the correlation is higher when the dc bias is maximum, the modulation depth of the

correlation is greater with minimum dec bias.

The testing performed on the in-line correlator has provided much insight into the
architecture setup, operation, capabilities, ar;d limitations. A new laser diode should be considered to
optimize the architecture. Further analysis/testing should be performed since operation and
performance of the new components, such as the multichannel AO cell and CCD array, may differ from
that of the current components in the preliminary setup. Tests that should be performed include
further dynamic range characterization, linearity, delay window uniformity, and the effects of the

post-detection processing algorithms on these measurements.

3.2.2 Almost-Common Path In-Line Time-Integrating Correlator

During the third on-site testing period, an almost-common path architecture, designed and

fabricated by RL personnel, was transported to the radar facility, recalibrated after transportation,
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and tested. Hardware implementation was performed using RL equipment. During verification
testing, it was discovered that components had shifted during transport. Minor realignment and
performance verification testing was performed on the correlator. Performance of the correlator after

realignment was assumed to be equivalent to that measured prior to breadboard transportation.

The almost-common path interferometric architecture tested during the third testing phase
is illustrated in Figure 3-8. This architecture was constructed previously by RL personnel
(Reference 14) and is based on a modified architecture of Riza (Reference 15). The unique aspect of
this architecture is the use of a dove prism, rather than a beam-splitter cube as in most interferometric

architectures. A full discussion of the architecture theory is presented in References14 and 15.

Input test signals for the realignment included a broadband noise source with a 10-MHz
bandpass centered at 80 MHz (NoiseCom), and tones generated by an HP6259A synthesizer. For
realignment testing, the signals were input into a single channel of each of the multichannel AO cells.

The output was detected by a 512-element EG&G CCD array.

By performing autocorrelation of tones at various frequencies and noting the
minimum/maximum amplitudes of the resulting fringe pattern, it is possible to determine the
frequency response of the AO correlator as shown in Figure 3-9. Over the bandwidth of 70 to 90 MHz,

the relative response of the correlator is approximately uniform.

Using the tone inputs, a frequency chirp across the array was observed. Initially, this
pattern appeared to be the result of spherical aberrations in the system. However, it was noted that
the chirping pattern could be changed by slight adjustments in the position of the diffracted beam at
the dove prism, which should not introduce aberrations. The geometry of the focused diffracted beam

needs to be reexamined to fully explain this phenomenon.

Figure 3-10 shows the raw output of the in-line architecture with a 10-MHz bandwidth noise
source. The correlation spike shows good modulation depth. Sampling is slightly more than three
fringes, with four detectors per fringe. Much of the unevenness in the output is attributable to

scattered light and detector odd/even imbalances.

This architecture exhibited good mechanical stability while being operated in the C-band
antenna room. Additionally, the alignment of the system appeared to be much more flexible than a
conventional interferometric architecture with a beam splitter. Reducing the size of the assembly with

fewer spring-loaded mounts would likely increase the stability.

3-15



24n3I271Y oLy UOCYD]ILIO) YIDJ UOWWO)-1SOW]Y *§-C dunS1]

- u s

££00-G6¥1-96-H1

H3SV1 8NeH

Ui U /g L]
10dS Q3LOVHAHIANN — N,
-2 /E:/ +
Nl
10dS @310VHANA" a4 3000 wesm et
L 1130 oV _
(] — U
( ' . ) : \ ............
NS : | ne 1 SN
wes NOILYINITIOO
Al..lv_l‘ ul 6 — - )
. g
Z2T3oov sy
u gz ue,
M0018
I<I
. Alusz
ONIDVII L:1 = ,_m\_mm«_n__um
- ur—
HO10313a UL

anN

3-16




L03D]3.410)) YIDJ UOUWUIO))-FSOUTY Jo asuodsay Louanbauag aayynyay “6-g ainsiy

L000-1¥51-96-H1L

(ZHW) ADNINDAHA

00} G6 06 a8 08 S 0L c9 09
t + + + + + t t 060

T 160

T €60

T €60

T ¥6°0

T S6°0

T 960

T 460

T 860

T 660

+ 00°L

ISNOJS3Y JAILY13H

3-17



009

astoN punqapipy Jo uonvla.Liodoiny QI-g aInSig

$13XId HO103134
00s oo 00e 00¢ 00t

I Il }
t T

£000-2v51-96-HLl

! L
T T T

100t

T0St

17002

1 0S¢

ooe

S1NNOD HO10313a

3-18




3.3 AOTDL FILTER

The AOTDL filter was not modified from its earlier design and hardware implementation, as
provided in Reference 1. The primary activity with this subsystem was the extensive testing within
the MADOP architecture as part of the C-band radar testbed. The combined cancellation performance
of the AOTDL filter and the electronic canceller is described in Subsection 3.4.

34 SINGLE-LOOP ELECTRONIC CANCELLER

During the third period of on-site support, additional enhancements were made to the
integrated MADOP system, and this new configuration was tested in the laboratory. The electronic
canceller was at the focus of these design changes, and all modifications were tested in the laboratory
using the HP4195A Network/Spectrum Analyzer. Once optimal canceller performance was obtained,
characterization with the AOTDL and later with the RF electronics, which includes the bulk acoustic
wave (BAW) delay lines and other components required to interface to the C-Band radar, was
accomplished. The HP4195A Spectrum/Network Analyzer was used to establish system performance,
to analyze test signals, and to provide test waveforms. The HP83623A synthesizer was used to select
the tap frequency of the AOTDL.

The desigri changes to the electronic canceller significantly improved the bandwidth and
depth of waveform cancellation. For comparison, Figure 3-11 shows the electronic canceller frequency
response obtained during on-site support period one. A number of the changes to the design were
necessary due to impedance mismatches between certain components of the electronic canceller.
Specifically, the BNC Tee’s used in some areas of this system were replaced with power splitters
specified to operate over the bandwidth of the canceller, an approach that provides a better match
between devices. In addition, the PA-4 RF amplifier within the canceller was replaced with a model
TW-1000 amplifier from Amplifier Research. This new amplifier provided better canceller
performance because the group delay of this device was better suited to the rest of the canceller
circuitry. In addition, 13 dB of attenuation was previously added to the local oscillator (LO) input to
the phase comparator for the purpose of protecting this device from the high input power that can occur
when the jammer signal is out of the frequency range of the canceller. To protect the phase comparator
under these conditions, signal amplitude limiting devices were assembled to clamp the amplitude of
the waveforms into both the RF and LO inputs. This allowed the removal of the 13 dB of attenuation
on the LO input of the phase comparator, resulting in an additional 13 dB of signal cancellation.
Lastly, the low-pass filter (LPF) in the error feedback path was moved to the output of the AOTDL
detector. The frequency response of this new canceller configuration is shown in Figure 3-12 and

reflects a cancellation of over 60 dB for continuous wave (CW) tone waveforms over a passband from
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65 MHz t~ over 98 MHz. The block diagram of the new canceller configuration is provided in
Figure 3-13. '

After the performance of the electronic canceller was optimized, the AOTDL was integrated
into the system, and the system performance was again tested. The HP83623A synthesizer was used
to select the appropriate tap of the AOTDL by tuning it to the appropriate frequency. Since the
performance of the system was tested over a range of sinusoidal input frequencies, the HP83623A was
tuned to select the zero tap frequency. Again, the HP4195A Spectrum/Network Analyzer was used to
characterize the frequency response of the system. The resulting system response, including the
AOTDL, is shown in Figure 3-14. This plot indicates a cancellation depth of approximately 45 dB over
a bandwidth of 32 MHz from 65 MHz to 97 MHz. The dotted line in this figure is the level of the
reference (main) channel into the canceller and represents 0 dB of cancellation. As can be seen, outside

the frequency range of cancellation, the system provides approximately 15 dB of signal gain.

Lastly, the RF electronics was integrated into the system, and further testing was performed.
Figure 3-15 represents the total system frequency response, including the electronic canceller,
AOTDL, and the RF electronics necessary to interface the system to the C-Band radar receiver. In this
test, the tap frequency was determined manually. The dashed line in this ﬁgure again represents the
level of the reference (main) channel into the canceller and represents 0 dB of cancellation. The slo‘pek
of this line indicates the frequency response of the reference channel of the RF electronics and,
particularly, the BAW delay line. Figure 3-1 6 prov1des the total system frequency response with the
AOTDL tap frequency determined by the computer. In this case, the frequency of the HP83623A
synthesizer is under the control of the computer through the general-purpose interface bus (GPIB).
This configuration results in a noisier appearance. The spil;es in the plot are the result of the
synthesizer being tuned over-the required tap frequencies as the input frequency is swept. As
Figures 3-15 and 3-16 reveal, the cancellation depth of the system is at least 40 dB over a band from
64 MHz to 94 MHz. These results represent the degree of cancellation of the system against CW
jammer sources since the sweep time of the network analyzer was set to 20 s (i.e., a slow frequency
sweep). The configuration of the new system design is presented in the block diagram of Figure 3-17,
which shows the layout of the electronic canceller, the RF electronics, the interfaces between these

subsystems, the AO time-integrating correlator, and the AOTDL.

3.5 DIGITAL COMPUTER INTERFACE

During this contract, a Pentium PC® was received, along with cards to interface the camera
controller to the PC and to control the synthesizer for the AOTDL filter. Work on this portion of the
system was initiated during on-site support periods one and two, but success was limited due to the

complexity of the interfacing and the fact that the hardware was ordered by Capt. Andrews, who also
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developed the PC software but is no longer at RL. Several conversations with Capt. Andrews took

place, and progress was made, but more work in this area remains to be done.

During future MADOP test activities, it is recommended that the new Pentium® PC be
configured and the software interface be improved, possibly through the use of LABVIEW® instrument
control software and MATLAB signal processing software.
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4. MADOP SYSTEM TESTING

A major emphasis in this program was the testing of the MADOP under laboratory
conditions and while integrated within the C-band radar testbed. Results from the tests are presented

in this section.

4.1 INTEGRATION WITH THE C-BAND RADAR TESTBED

The principal thrust of activities during on-site support periods one and three was to
interface the MADOP to the RL C-band radar and test the performance of the MADOP using real radar
signals. The C-band radar had been identified as a suitable testbed during previous on-site support
trips because it possessed most of the features that were needed in the tests. Work under this effort
benefitted from the previous C-band radar integration activity performed during August 1994 (see

Reference 1).

The RL C-band radar is a phased-array radar that is located very close to the Photonics
Laboratory. The antenna can be electronically scanned +45° in azimuth and from —1° to 8° in elevation
and can also employ a 360° mechanical scan. Vertical, horizontal, left-hand circular (LHC), or
right-hand circular (RHC) antenna polarizations are supported. The antenna gain is 36 dBi on
transmit and 32 dBi on receive. The antenna beamwidth, on both transmit and receive, is

approximately 1° in azimuth and 2° in elevation.

The operating frequency of the radar is 5.65 to 5.9 GHz with a nominal value of 5.775 GHz.
The transmit power is approximately 200 kW peak and operates at a 1.8% maximum duty cycle with
pulsewidths up to 100 ps. The transmitter was not used during the tests of the MADOP because it was

deemed inappropriate to attempt to track targets during this phase of testing.

The C-band receiver is full monopulse and also has provisions for eight auxiliary channels.
Auxiliary channels are obtained from the eight subarrays of the antenna. The subarrays are formed
by dividing the antenna into eight vertical sections as indicated in Figure 4-1. Each subarray has the
same elevation beamwidth as the entire array. The azimuth beamwidth is about eight times the array
beamwidth (i.e., approximately 8°), and the subarray gain is about one-eighth of the entire array gain.

The auxiliary channels of the radar could serve as the auxiliary channels needed by the MADOP.

Three downconversions and three IFs are utilized in the C-band receiver (see Figure 4-2).
The first IF is 1265 MHz, the second IF is 592 MHz, and the third IF is 80 MHz. The final bandwidth
of the 80-MHz IF is 8 MHz. The sum and difference channels and the eight auxiliary channels have
separate IF amplifiers. Furthermore, the outputs of these IF amplifiers are available thi'ough 50-Q

BNC connectors. The IF amplifiers are located in the C-band radar control room and are easily
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aécessible. Outputs from the sum channel and one of the auxiliary channels were used during MADOP

testing.
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Figure 4-1. C-Band Array Structure

The characteristics of the C-band radar were almost a perfect match for the MADOP. The
radar has an IF of 80 MHz and a bandwidth of 8 MHz, both of which are approximately the design
parameters of the MADOP. (In fact, the 80-MHz IF used in the MADOP was chosen with the thought
of interfacing the MADOP to the C-band radar.) The radar has the capability of supplying the main
and auxiliary channels that would be needed by the MADOP, and these signals are easily accessible.
Also, the C-band control room had space to accommodate the MADOP and the prime power needed to
drive it.

There are two remote test signal sources associated with the C-band radar that can be used
to generate the target and jammer signals that are needed to test the MADOP. These sources can be
independently controlled and are able to generate CW, pulsed, and noise signals. A third antenna,
normally used for the S-band radar, was converted to C-band to allow transmission from a greater
angular separation. This thifd source provides only a CW signal, but can be fed with the signal from
another of the C-band antennas. The sources are located about 6500 ft from the radar and are each

separated by about 65 ft (see Figure 4-3). This provides an azimuth angular separation of about 0.58°
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between adjacent sources and 1.16° between the two antennas with widest separation. The C-band

sources can be controlled from the C-band radar control room and can be synchronized with the radar

tiining signals. The converted S-band antenna is not controllable from the C-band radar control room.

MIXER MIXER
l\ l\ IF
Iy W AMP
fo = 1.265 GHz fe = 592 MHz fo = 80 MHz
RF -1.265 GHz 673 MHz 512 MHz BW = 8 MHz
AAZ
CHANNEL MIXER MIXER l\ MIXER
IF
AMP W AMP,
f =1.265 GHZ fc=592 MHz fc=80 MHz
RF -1.265 GHz 673 MHz 512 MHz BW = 8 MHz
AUXILIARY MIXER MIXER MIXER
W ly AMP,
fo = 1.265 GHz fe = 592 MHz f. = 80 MHz
RF -1.265 GHz 673 MHz 512 MHz _
TR-94-3147-A003 BW = 8 MHz
Figure 4-2. C-Band Receiver Configuration
4.2 C-BAND RADAR TESTING: ON-SITE SUPPORT PERIOD ONE

During on-site support period one, Dynetics worked with RL personnel to integrate the

MADOP hardware and test instrumentation with the C-band radar testbed hardware for a second

phase of testing (see Reference 1 for the first phase of C-band radar testing). The results of the testing

are summarized below. During this testing, the Mach-Zehnder AO correlator architecture was

employed, and full closed loop-operation was achieved. The hardware setup is shown in Figure 4-4.

Cancellation on the order of 25 to 30 dB for narrowband jamming and 10 to 15 dB for wideband

jamming was achieved routinely. The test matrices for on-site support periods one and three are

contained in Appendices A and B, respectively.

Figure 4-5 shows an example of a preliminary test using laboratory-generated signals. A

1-ps pulse with a 10-us pulse repétition frequency (PRI) represented the radar target return, and a
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tone jammer was inserted. Figure 4-6 shows the resultant spectrum in the main channel. The
| auxiliary channel had negligible signal level, demonstrating about 15 dB of cancellation in this case.
Figure 4-7 shows each of these signals, plus the auxiliary channel tone signal. It is apparent from this
figure that the MADOP processor was able to pull out the pulsed signal from the main channel jammed
signal. Figures 4-8 through 4-10 show a similar example with a 100-ns pulse and a 1-us PRI. The

S/J improvement in this case was approximately 28 dB.

REMOTE REMOTE REMOTE
SIGNAL : SIGNAL ' SIGNAL
SOURCE #1 SOURCE #2 SOURCE #3
94.10° AZ 94.68° AZ 95.26° AZ
0.15° EL 0.15°EL 0.15°EL

65 ft —>—— < - 65 ft

6500 ft
C-BAND
RADAR
i A
 e—

TR-94-3148-A003

Figure 4-3. Remote Signal Source Configuration

Cancellation of wideband noise was also performed with laboratory signals, as shown in
Figures 4-11 through 4-13. For this case, computer control of the HP83623A synthesizer was used
to place the tap at the appropriate delay. The frequency was selected as a function of pixel location

according to the equation:
f=60 MHz + 0.02 MHz/pixel * pixel location. (4-1)

The frequency offset and rate were selected to match the correlator window to the AOTDL window.
The main channel signal is shown in Figure 4-11, where it can be seen that the desired pulsed signal
is obscured. After cancellation, the pulse emerges in the spectrum shown in Figure 12, and is easily

found in the time-domain displays of Figure 4-13. The SIT improvement in this case was

approximately 20 dB.
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Figure 4-4. MADOP AO Subsystems at the C-Band Radar Test Facility
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After preliminary testing with laboratory signals, the jammer signals were turned on and
testing began with the C-band radar testbed. The two jammers employed were the C-band jammer at
94.1° and the converted S-band jammer at 95.26°. For Figures 4-14 through 4-19, the tap was set
via computer control according to Equation 4-1. Figures 4-14 and 4-15 show the results for a tone
jammer and a tone signal with a —7-dB S/J ratio in the main channel. The adapted signal shows an
S/J improvement of approximately 32 dB, but does have an intermodulation product term that arises
due to processor nonlinearities. Figures 4-16 and 4-17 show the same test but with a noise jammer
and a tone signal (-9-dB S/J ratio in the main channel). The spectral weighting of the noise waveform
occurs in the C-band radar testbed receiver, which has an 8-MHz bandwidth. The S/J improvement
for this case was approximately 13 dB. A similar test with an 11-dB S/J ratio in the main channel is

shown in Figures 4-18 and 4-19. In this case, the S/J improvement was approximately 10 dB.

Following testing with various noise and tone power ratios, multipath cancellation was
attempted. In order to prepare for this testing, the AOTDL system was characterized for two and three
taps. Figures 4-20 through 4-25 show the results of this testing. Figures 4-20, 4-22, and 4-24 show
the spectrum for each of the AOTDL tap weight inputs, and Figures 4-21, 4-23 and 4-25 show the
frequency response of the AOTDL for each set of taps. Figures 4-21 through 4-23 show that the
spacing of the taps changes the notch frequencies and spacing between notches in the frequency
response plots. This is because the transfer function (Fourier transform of the impulse response) for
an FIR tapped delay line with two taps is a sinusoid whose magnitude appears to have notches (zeros)
at twice the period of the sinusoid. Figures 4-24 and 4-25 show the frequencies input to the AOSLM
and the frequency response for the more complex three-tap filter. One of the key challenges of future
hardware testing is the phase alignment of each of these taps to allow correct estimation of the jammer
signal.

At this point, multipath testing was performed with laboratory signals. Figures 4-26
through 4-28 show the results for the cancellation of a pulsed jammer that has experienced both a
direct-path and multipath transmission to the receiver, with a time separation of 100 ns. The
cancellation ratio was approximately 15 dB, but no S/J improvement was measured since this test was
done without a simulated target signal. Figure 4-28 shows the oscilloscope plot of the main channel,
the estimate, and the cancelled signal. We see that, by aligning the overlap of the pulses correctly in
the estimate (formed by tapping the auxiliary), the envelope and phase of the jammer signal can be

estimated, and effective cancellation can be achieved.

4.3 C-BAND RADAR TESTING: ON-SITE SUPPORT PERIOD THREE

As mentioned in Section 3, during the third period of on-site support, additional

enhancements were made to the integrated MADOP system. System improvements to the electronic

4-6
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Figure 4-10. Oscilloscope Traces for Main Channel Signal in Figure 4-8
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Figure 4-13. Oscilloscope Traces for Main Channel Signal in Figure 4-11
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Figure 4-28. Oscilloscope Traces for Main Channel Signal in Figure 4-26
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canceller were also discussed in Subsection 3.2. Moreover, the almost-common path in-line
time-integrating correlator was operated within the MADOP system for the first time and performed
well. This correlator is shown in Figure 4-29. The MADOP system was tested using realistic signal
and jammer waveform types both in the laboratory and with the C-band radar. The HP4195A
Spectrum/Network Analyzer was used to analyze system performance. In the lab tests, system
cancellation was measured for CW, pulsed-tone, and noise waveforms. For these tests, pulsed-tone
waveforms were created at baseband by the LeCroy AFG 9100 and placed on an 80-MHz carrier using
the IntraAction Model DE. The improved integrated MADOP system was tested using the C-band
radar with CW, pulsed-tone, and noise jammer waveforms in combination with CW and pulsed-tone
signal waveforms. The results of all these tests were thoroughly documented. In addition, laboratory
tests were performed to characterize the performance of the system in cancelling jammer signals
comprised of either pulsed-tone or noise sources with a strong multipath element in the jammer signal.
Additional tests were performed using the C-band radar to characterize system cancellation

performance in the presence of multipath noise jammer waveforms in combination with a CW signal.

First, the pulsed-tone jammer cancellation performance of the MADOP system was
determined in the laboratory using a variety of pulsewidths in the absence of a signal waveform.
Figure 4-30 provides the results for a pulsewidth of 500 ns and PRI of 5.0 ms. The dashed plot
indicates the pulsed-tone waveform spectrum at the input to the reference channel, while the solid plot
represents the cancelled pulse spectrum. The degree of cancellation for this jammer waveform is

approximately 25 dB.

Next, the noise jammer cancellation performance of the MADOP system was determined
through additional laboratory experiments. Figure 4-31 reveals the cancellation performance of the
system for this waveform type. In these tests, the Noise-Com noise source was used to provide the test
waveform. The dashed plot indicates the noise waveform spectrum at the input to the reference
channel, while the solid plot represents the spectrum of the cancelled waveform. The degree of
cancellation for this waveform type is approximately 20 dB. This is not as good as the cancellation
obtained with CW or pulsed-fone waveforms; however, the performance is not unexpected for this

waveform type.

Next, the multipath cancellation performance of the MADOP system was determined
through laboratory experiments using both pulsed-tone and noise waveforms in the absence of a signal
waveform. Referring to Figure 3-30, the MADOP system block diagram, multipath waveforms were

constructed by dividing the main channel into two paths with each path containing a different BAW

"delay line. The BAW devices that were used had delays of 6.0 and 6.1 ps, resulting in a differential

multipath delay of 100 ns. For the pulsed-tone waveforms, system cancellation performance for

pulsewidths of 100 and 50 ns was tested. In each case, the multipath delay was 100 ns. Figure 4-32

" provides the system multipath cancellation performance using the 100-ns pulsewidth waveform. The
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Figure 4-29. Almost-Common Path In-Line Time-Integrating
Correlator at the C-Band Radar Laboratory

4-32




T4 d s1-¢ © yp g asing su-ggg » Jo uo1ni1aoun)) .?cucgca&ﬂ 08-p a4ndy

£000-6451-96-H.L

(ZHW) ADNINDO3HAL
6 88 98 ¥8 28 08 8. 9/ v A 0z
0
L4 Omu
08-
0Z-
— i

(gp) 3aNLINODVYIN

IVNDIS A3T13ONVO

| 1aNNVHO 30NTYIATY memeenaa ot

4-33




as10N punqapipy Jo uoynyaoun)) £403040QDY

001 96 c6

(ZHW) AON3aND3HA

v8

9/

‘1§-p 2anS1y

el

89

9

L000-0851-96-H1

09

08
O
1

0g-

~ 3

Sp-

ov-

-z
e

ceagpmans

IVNDIS A3T130NVO

T3INNVHO 30ON3H343d

wn
o
(gp) AANLINDYI

4-34




I4d sT-I © Y7IM 3s]nd Su-001 » 40 uoyv]129un)) Yodynpy £1030109DT Zg-p 24nItg

2000-18G4-96-H1
(ZHW) AONIND3IHA

001 96 26 88 ¥8 08 9L cl 89 v9 09
N.l

G9-

o

e
[«)
©

o

e}
b
(8P) IANLINOVYIN

L= R A T 2

IVYNOIS A3T130NVO

TINNVHO 3ON3H34IAY ========

4-35




dashed plot indicates the spectrum of the multipath waveform at the input to the reference channel,
while the solid curve represents the cancelled waveform spectrum. The degree of cancellation is
estimated to be approximately 15 dB overall. For noise waveforms, system cancellation performance
is presented in Figure 4-33, in which the multipath delay is again 100 ns. The dashed plot indicates
the multipath waveform spectrum at the input to the reference channel, while the solid curve

represents the cancelled waveform spectrum. The degree of cancellation is estimated to ‘be

approximately 15 dB overall.

The next series of tests involved the C-band radar as the source of the signal and jammer
waveforms to the MADOP system, and both of these waveforms originated at the jammer sources that
are deployed at the airfield. That is, the jammer sources transmitted both signal and jammer
waveforms to the C-band radar for the cancellation of the jammer by the MADOP system. In the first
tests of this series, both signal and jammer waveforms were CW tones and were separated by a
frequency of 25 kHz. The performance of the MADOP system was tested over a range of S/J to the
auxiliary channel. Figure 4-34 provides the system cancellation performance using an S/J of -3.0 dB
in the auxiliary channel. Again, the dashed plot represents the spectrum of the waveform at the input
to the reference channel, while the solid curve represents the cancelled waveform spectrum. The signal
tone is to the left of the jammer tone. The S/J improvement is over 30 dB. Next, the system
cancellation performance was tested for an auxiliary channel S/J ratio of 13 dB, and the results are
shown in Figure 4-35. The dashed plot indicates the waveform spectrum at the input to the reference
channel, while the solid curve represents the spectrum of the cancelled waveform. Again, the signal

tone is to the left of the jammer tone. The S/J improvement is again over 30 dB.

In the next tests involving the C-band radar system, a pulsed-tone waveform was
transmitted to the C-band radar for use as the signal of interest and in place of the CW tone used
previously. The pulsewidth used for the signal was 500 ms, and its duty cycle was 50%. The jammer
waveform remained a CW tone, and the frequency separation between these waveforms remained at
25 kHz. The performance of the MADOP system was evaluated over a range of auxiliary channel S/J
ratios from —10 to —30 dB. Figure 4-36 provides the system cancellation performance using an S/J of
—10 dB in the auxiliary channel. The dashed plot indicates the waveform spectrum at the input to the
reference channel, while the solid curve represents the cancelled waveform spectrum. The signal
spectrum is to the left of the jammer tone, and the S/J improvement is approximately 12 dB. This
modest degree of cancellation should not be too surprising given the high relative level of the signal in
the auxiliary channel. A high relative signal level in the auxiliary channel results in substantial
cancellation of the signal by the MADOP system. Next, the system cancellation performance was
tested for an auxiliary channel S/J ratio of —20 dB and the results are shown in Figure 4-37. Again,
the dashed plot indicates the waveform spectrum at the input to the reference channel, while the solid

curve represents the cancelled waveform spectrum. The signal spectrum is to the left of the jammer
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tone, and the S/J improvement is nearly 30 dB. Finally, the system cancellation performance was
tested for an auxiliary channel S/J ratio of -30 dB, and the results are shown in Figure 4-38. The
dashed plot indicates the waveform spectrum at the input to the reference channel, while the solid
curve represents the spectrum of the cancelled waveform. The signal spectrum is to the left of the

jammer tone, and the S/J improvement is approximately 35 dB.

Next, the role of the signal and the jammer were reversed by adjusting the levels of the
waveforms to the auxiliary channel by carefully pointing the C-band array. That is, the pulsed-tone
waveform became the jammer, and the CW waveform became the signal for this test. The parameters
of the pulsed-tone waveform remained the same with a 500-ms pulsewidth and a 50% duty cycle and
the frequency separation between these waveforms was kept at 25 kHaz. The performance of the
MADOP system was evaluated for an S/J ratio to the auxiliary channel of -25 dB. Figure 4-39
presents the system cancellation performance in this configuration. The dashed plot indicates the
spectrum of the waveform at the input to the reference channel, while the solid curve represents the

cancelled waveform spectrum. The signal tone is to the right of the jammer spectrum, and the S/J

improvement is approximately 40 dB.

Subsequently, a noise waveform was transmitted to the C-band radar for cancellation by the
MADOP system. The signal used in these tests was a CW tone. The performance of the MADOP
system was evaluated for an S/J ratio to the auxiliary channel of approximately -15 dB. Figure 4-40
provides the system cancellation performance for these waveform types. The dashed plot indicates the
waveform spectrum at the inputi to the reference channel, while the solid curve represents the
cancelled waveform spectrum. The signal tone is in the center of the jammer spectrum frequency band,

and the S/J improvement is approximately 15 dB for this signal and jammer.

Lastly, a noise waveform was transmitted to the C-band radar and used as a jammer signal
to demonstrate multipath cancellation performance. The noise waveform, generated in jammer 1, was
transmitted by both jammers one and three. The length of cable used to route this waveform from
jammer one to jammer three provided the multipath delay. The waveform on the main channel was
measured and recorded, and the results are provided in Figure 4-41. The rippled texture of this plot
is the result of multipath cancellation over the range of frequencies examined. The waveform on the
auxiliary channel was also measured and recorded, and the results are provided in Figure 4-42. The
degree of multipath interference was intentionally reduced in this channel by carefully pointing the
C-band array. The degree of multipath interference cancellation is presented in Figure 4-43. The
dashed plot indicates the spectrum of the jammer at the input to the reference channel as it was
affected by multipath, while the solid curve represents the spectrum of the cancelled waveform. The
signal is indicated by the marker in this plot, and its amplitude was measured separately to be
-929 dBm to the auxiliary channel. Therefore, the S/J improvement is approximately 12 dB. These

results are for an auxiliary channel S/J of approximately 30 dB.
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(S/J Improvement = 40 dB, Input S/J = -25 dB)

79.28
Figure 4-39. C-Band Jammer Cancellation With a Pulsed Signal
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5. CONCLUSIONS AND RECOMMENDATIONS

All of the key objectives for this 1-year ESE program were successfully achieved, culminating
in the improved demonstration of the MADOP within the C-band radar testbed. The prospects for

further improvement are strong because of the significant progress made during this effort.

Results to date have demonstrated approximately 15- to 20-dB cancellation of wideband
jamming interference and 25- to 35-dB cancellation of narrowband jamming. This performance was
demonstrated in both the laboratory and integrated with the C-band radar testbed during the first and

third periods of on-site support.

It is recommended that follow-on activities be partitioned into three primary technical areas
corresponding to each of the following subsections. To extend the performance capability of the
MADOP and continue to demonstrate this processor within the C-band radar testbed or other RL
testbed, the three major tasks to be accomplished include concept evaluation in realistic jammer
scenarios, MADOP hardware improvements, and further testing of the MADOP in a phased-array

radar, as detailed in Subsections 5.1, 5.2, and 5.3, respectively.

5.1 . ENHANCED OPTICAL DEVICES, ARCHITECTURES, AND ALGORITHMS

The current MADOP system uses AO cells in the AO correlator and AOTDL subsystems to
provide discrete tap frequencies. It is recommended that future programs address the use of
alternative optical devices and architectures to perform the frequency tap estimation performed by the
AOTDL and the correlation performed in the AO correlator. Alternative optical devices for performing
these functions include: laser diode arrays such as Vertical Cavity Surface Emitting Laser (VCSEL)
diodes, deformable mirror devices (DMDs), piezoelectric transducer devices, tunable laser diodes, and
laser diodes with high-speed modulation capabilities. Architectures employing discrete laser diodes
with large modulation bandwidths will also be investigated to increase performance of in-line optical

architectures requiring a high-speed modulatable laser diode.

Advantages of using these types of devices in optical systems include:

1. Increased mechanical stability — smaller, lighter weight components;
2. Potential to easily scale and increase number of filter channels;

3. Potential for increased bandwidth;

4. Advancement of laser diode technology;

5. Solid-state technology reliability; and
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6. Potential for new optical processor architectures.

The use of alternative optical devices of this nature is well matched to the overall RL missions in

photonics technology advancement.

In addition to these optical architecture enhancements, this effort will address continued
development of the electronic canceller and enhancements to algorithms that currently perform
multipath cancellation. A first step in this development process is to ruggedize the current electronic
canceller system. This will entail enclosing all of the components necessary to perform cancellation,
such as power supplies, vector multiplier, phase comparator, circuit protoboard, etc. Thus, the
electronic canceller will become a stand-alone unit ancillary to the MADOP. Development would then

proceed to package this unit into a programmable microprocessor to perform the electronic signal

cancellation.

Another activity to be performed under this effort is the analysis of multipath algorithms for
achieving greater adaptivity within the PC controller. This will exploit understanding gained during
recent successful testing of the MADOP with the RL C-band radar. During this testing, significant
levels of multipath noise jamming were cancelled to reveal a CW tone target signal. These test results

show significant promise for the utility of the MADOP processor for this challenging USAF problem.

5.2 MADOP ELECTRONIC INTERFACE ENHANCEMENTS

The system control, data gathering, and data analysis capabilities of the current MADOP
system can be greatly enhanced. New data collecting and analysis approaches will streamline the
characterization and testing of the overall MADOP system. Due to current limitations, analysis of
results and implementation of new processing algorithms can be difficult to implement within the
current architecture, resulting in slow overall MADOP processor performance characterization. As an
example, the HP4195A spectrum/network analyzer is often used to make electronic measurements of
optical processor cancellation performance. This instrument records data in the form of hard copy
(paper) plots which are difficult to integrate into a report and further analyze. Enhanced system

control approaches will allow new electronic processing algorithms to be developed and quickly

integrated into the system.

Under this recommended ESE program, Dynetics will concentrate on integrating various
measurement equipment and electronic signal processors into the MADOP system to form a cohesive
and comprehensive measurement and analysis system. This effort will include the development of a
modular object oriented software environment that facilitates integration of new algorithms. This
effort will make use of the existing equipment and software as much as possible and will result in a

user friendly environment for performing tests and analysis of the MADOP system.




Figure 5-1 is an outline of the system integration concepts. All the instrumentation and
cameras will be controlled by a single PC under a Windows 95® environment. The existing P5-90
Pentium® processor PC with an upgrade to 32-MB random access memory (RAM) and a Windows 95®

operating system is the logical development platform.

st el ]

1 ]

t__| OPTICAL CORRELATOR !
PENTIUM PC i | EG&G DETECTOR |
WINDOWS 95 OPERATING SYSTEM I :
LABVIEW CONTROL : '
SOFTWARE IN WINDOWS ENVIRONMENT : AOTDL :
BITFLOW CARD MADOP

SYNTHESIZER CARD
GPIB CARD —| SPECTRUM/NETWORK ANALYZER I

DIGITIZING OSCILLOSCOPE |

UP TO 15 DEVICES MAY BE
CONTROLLED WITH A SINGLE
GPIB PC CARD

TR-96-1593-C007

Figure 5-1. Integrated Control/Processing/Measurement System Depiction

Software development will be performed using LABVIEW® and/or LABWINDOWS®.

LABWINDOWS software will allow existing C and ctt programs to be utilized in a LABVIEW
environment, which is an ideal language for software development and an optimized language for
instrumentation system control. This will make it possible to use current MADOP algorithms written
in C in the LABVIEW environment. Additionally, the current BitFlow Raptor® detector driver card
has many display routines written in the C language. The combination of LABVIEW / LABWINDOWS
should allow great flexibility and easy insertion of existing processing code in the integrated system.
Additionally, software developed on the PC using LABVIEW/LABWINDOWS/C++ is portable to/from
Sun UNIX and Macintosh platforms making multiplatform software development possible. For those
instruments with a GPIB bus controller, software will be written in LABVIEW for control and data

storage since it provides many of the needed interface drivers for GPIB instruments. Processing of
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large amounts of detector data may necessitate a dedicated system for camera control with the use of

a GPIB interface to transfer data for electronic storage.

Much of the software and processing algorithms can be developed separately from the optical
processors. Software development will require availability of the PC with appropriate
LABVIEW/LABWINDOWS software, BitFlow camera card, and GPIB card. This would allow
theoretical processors to be further developed separately from the control system. Final system

integration will test the control algorithms, software, and optical processor.

5.3 CONCEPT EVALUATION IN COMPLEX JAMMER SCENARIOS

It is recommended that this activity be pursued to continue to evaluate the MADOP
algorithm performance in realistic jamming environments using computer simulation. This will
further detail the analysis of the MADOP algorithm as described in Section 2 of this report.
Parameters that drive these simulations should be based on the measured and achievable MADOP

performance and on the specific parameters of the radar selected for MADOP insertion.

Results of this concept evaluation should drive further improvements to the MADOP and its
electronic interfaces, including: 1) the possible use of multiple MADOP systems in an IIR filter
configuration, as described in Section 2 of this report; 2) the development of digital interface algorithms
to more effectively select the filter tap weighting functions; 3) requirements for weight update time as

a function of jammer environment; and 4) the possible benefits and limitations of using discrete tap

weighting schemes using VCSEL arrays.

5-4




APPENDIX A
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718.

DATE TIME__[PLOT NUMBE DESCRIPTION OF TEST COMMENTS
18-Jul 18001 Correlator Frequency Response
18-Jui 18002
18-Jul 18003
18-Jul 18004
18-Jul 18005
18-Jul- 18006
18-Jul 18007
18-Jul 18008
18-Jul 18009
18-Jul 18010
18-Jul 18011
18-Jul 18012
18-Jul 18013
18-Jul 18014
18-Jul 18015
18-Jul 18016
18-Jul 18017
18-Jul 18018
18-Jul 18018
18-Jul 18020
18-Ju! 18021
18-Jul 18022
18-Jul 18023
18-Jul 18024
18-Jul 18025
18-Jul 18026
18-Jul 18027
18-Jul 18028
18-Jul 18029
18-Jut 18030
18-Jul 18031
18-Jul 18032
18-Jul 18033
18-Jul 18034
18-Jut 18035
18-Ju! 18036
18-Jul 18037
18-Jui 18038
18-Jul 18038
18-Jut 18040
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718

DATE TIME PLOT NUMBER DESCRIPTION OF TEST COMMENTS

18-Jui 8:30 AM 18001 AQ Correlator Output, 72 MHz During on-site suppart day 3, further alignment and initial characterization of the
19-Jul 19002 AQ Correlator Output, 74 MHz 2 AO processors was accomplished.

19-Jul 18003 AQ Corretator Qutput, 75 MHz

19-Jul 18004 AQ Correlator Qutput, 76 MHz The AQ correlator plots were regenerated because of some errors made in transferring
18-Jui 18005 AQ Correlator Qutput, 78 MHz the data to excel and plotting during 7/18.

18-Jul 19006 AQ Correlator Output, 80 MHz The power into each path was 14 dBm, generated by the HP83623A synthesizer.
18-Ju! 18007 AQ Correlator Output, 82 MHz The stored file names on the computer are: JUL19_01.XLS through JUL1S 17.XLS.
19-Jul 19008 AQ Cormslator Output, 84 MHz

18-Jui 18009 AQ Correlator Output, 85 MHz

198-Jul 18010 AQ Correlator Qutput, 86 MHz

18-Jut 18011 AOQ Correlator Qutput, 88 MHz

19-Jul 19012 AO Correlator Output, 90 MHz

19-Jui 19013 AQ Correlator Qutput, 92 MHz

19-Jul 18014 AQ Correlator Output, 94 MHz

19-Jut 19015 AQ Corretator Qutput, 96 MHz

19-Jul 18016 AQ Correlator Output, 98 MHz

18-Jul 19017 AQ Correlator Qutput, 100 MHz

19-Jul 10:45 AM 19018 AQ Correlator Output, 66 MHz The AQ correlator plots were regenerated in order to obtain a better frequency response
19-Jui 19019 AQ Correlator Qutput, 68 MHz at frequencies at the low end of the band. Kyle was not happy with the performance and
19-Jul 18020 AQ Correlator Output, 70 MHz chose not to print them, although they are stored.

19-Jul 19021 AQ Correlator Output, 72 MHz The power into each path was 14 dBm, generated by the HP83623A synthesizer.
19-Jul 18022 AQ Corretator Output, 74 MHz The stored file names on the computer are: JUL19_18.XLS through JUL19_41.XLS.
19-Jul 19023 AQ Correlator Qutput, 75 MHz

18-Jul 19024 AQ Correlator Output, 76 MHz

18-Jul 18025 AO Correlator Output, 78 MHz

18-Jut 19026 AQ Correfator Output, 80 MHz

19-Jul 18027 AQ Correlator Qutput, 82 MHz

19-Jul 19028 AQ Correlator Output, 84 MHz

19-Jui 19029 AQ Correiator Qutput, 85 MHz

19-Jul 19030 AQ Corretfator Qutput, 86 MHz

18-Jul 19031 AQ Correlator Output, 88 MHz

19-Jul 18032 AQ Correlator Output, 90 MHz

18-Jui 18033 AO Correlator Output, 92 MHz

19-Jul 19034 AQ Correlator Output, 94 MHz

18-Jul 18035 AO Correlator Output, 96 MHz

18-Jul 19036 AQ Correlator Output, 98 MHz

19-Jul 18037 AQ Caorrelator Output, 100 MHz

19-Jul 19038 AQ Correlator Output, 102 MHz

18-Jul 18039 AQ Correlator Output, 104 MHz

19-Jul 18040 AQ Correlator Output, 106 MHz

19-Jul 19041 AQ Correlator Output, 108 MHz

18-Jul 2:30 PM 18042 tap=64 MHz, tap power = 131 mW AQTDL frequency response, RF input Power was +20 dBm

19-Jui 19043 tap=66 MHz, tap power = 156 mW

18-Jul 18044 tap=68 MHz, tap power = 178 mW

19-Jul 18045 tap=70 MHz, tap power = 200 mW Thess plots are without the knife edge in place, and only slightly optimized. They
18-Jul 19046 tap=72 MHz, tap power = 226 mW represent a starting point and future piots will show an improvement. The tap power
19-Jul 18047 tap=74 MHz, tap power = 270 mW measurements made right after the AO TDL cell for various tap frequencies is shown next
18-Jul 18048 tap=76 MHz, tap power = 344 mW to the frequency label. These measurements were made slightly earlier than the
19-Jul 19049 1ap=78 MHz, tap power = 427 mW frequency response plots. The power shown is with a polarizer inserted to cut down on
18-Jul 18050 tap=80 MHz, tap power = 497 mW the optical power and avoid saturation of the Newport 835 power meter. The true power
18-Jul 19051 tap=82 MHz, tap power = 521 mW is approximately 10 times higher than the values shown,

18-Jul 18052 tap=84 MHz, tap power = 492 mW

18-Jul 19053 tap=86 MHz, tap power = 405 mW

18-Jul 18054 tap=88 MHz, tap power = 282 mW

18-Jul 19055 tap=90 MHz, tap power = 159 mW

18-Jul 18056 tap=92 MHz, tap power = 82 mW

19-Jui 18057 tap=94 MHz, tap power = 41.8 mW

19-Jul 19058 tap=96 MHz, tap power = 26.2 mW

18-Jul 19058 tap=98 MHz, tap power = 19.3 mW

19-Jut 19060 tap=100 MHz, tap power = 13.7 mW
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720.

DATE TIME PLOT NUMBER DESCRIPTION QF TEST COMMENTS

20-Jul During on-site support day 4, further alignment and initial characterization of the
2 AQ processors was accomplished. The two subsystems were also interfaced to the IF
slectronics and the single-loop electronic canceller with results that appeared to be
comparable to the results during the last on-site C-band testing. Tomorrow we will
more thoroughly test the integrated system.

20-Jul 8:15 AM 20001 AQ Corretator Output, 62 MHz

20-Jul 20002 AO Correlator Output, 64 MHz

20-Jul 20003 AQ Correlator Output, 66 MHz

20-Jul 20004 AO Correlator Output, 68 MHz

20-Jul 20005 AQ Correlator Qutput, 70 MHz

20-Jul 20006 AO Correlator Output, 72 MHz

20-Jul 20007 AQ Correlator Output, 74 MHz

20-Jut 20008 AQ Correlator Output, 75 MHz

20-Jul 20008 AO Correlator Output, 76 MHz These AQ Correlator plots represent the final iteration of alignment. The 3-dB frequency

20-Jul 20010 AQ Correlator Qutput, 78 MHz response went from approximately 66 MHz to 106 MHz.

20-Jul 20011 AO Correlator Output, 80 MHz The power into each path was 14 dBm, generated by the HP83623A synthesizer.

20-Jul 20012 AQ Correlator Qutput, 82 MHz The stored file names on the computer are: JUL20_01.XLS through JUL20_31 XLS.

20-Jul 20013 AQ Correfator Output, 84 MHz

20-Jul 20014 AQ Correlator Qutput, 85 MHz Background subtraction was performed once at 82 MHz prior to any data coilection.

20-Jut 20015 AQ Correlator Output, 86 MHz

20-Jul 20016 AQ Corretator Output, 88 MHz Excel files each contain 4 columns of 512 points representing 1) camera pixet values,

20-Jul 20017 AQ Correlator Output, 80 MHz 2 and 3) the two background subtraction vaiues, and 4) background subtracted data.

20-Jul 20018 AO Correfator Qutput, 92 MH2 Column 4 was plotted.

20-Jul 20018 AQ Correfator Output, 94 MHz

20-Jul 20020 AQ Correiator Output, 96 MHz

20-Jul 20021 AO Correfator Output, 88 MHz

20-Jul 20022 AOQ Correlator Output, 100 MHz

20-Jul 20023 AQ Corretator Output, 102 MHz

20-Jul 20024 AO Correlator Output, 104 MHz

20-Jul 20025 AQ Correlator Output, 106 MHz

20-Jul 20026 AO Correlator Output, 108 MHz

20-Jul 20027 AO Correlator Output, 110 MHz

20-Jul 20028 AO Correlator Output, 112 MHz

20-Jul 20028 AQ Correlator Output, 114 MHz

20-Jul 20030 AQ Correlator Qutput, 116 MHz

20-Jul 9:40 AM 20031 AQ Corrsiator Qutput, 118 MHz

20-Jul 9:45 AM 20032 tap=60 MHz, tap power = 1720 mW

20-Jul 20033 tap=62 MHz, tap power = 2150 mW

20-Jul 20034 tap=64 MHz, tap power = 2520 mW__[AOTDL frequency responss, RF Input Power was +20 d8m

20-Jul 20035 tap=66 MHz, tap power = 2830 mW

20-Jut 20036 tap=68 MHz, tap power = 3330 mW

20-Jul 20037 tap=70 MHz, tap power = 3790 mW __[These plots are without the knife edge in place. The knife edge didn't seem to improve

20-Jut 20038 tap=72 MHz, tap power = 4240 MW __[performance for the configuration. The optical tap power measurements (between the two

20-Jul 20039 tap=74 MHz, tap power = 4700 mW __|lenses prior to the detector) are shown next to the frequency label.

20-Jul 20040 tap=76 MHz, tap power = 5070 MW __|These measurements were mada slightly earlier than the frequency response plots.

20-Jul 20041 tap=78 MHz, tap power = 5100 mW )

20-Jul 20042 tap=80 MHz, tap power = 4560 mW __{The power was measured with the Newport 835 power meter with a polarizer before the

20-Jul 20043 tap=82 MHz, tap power = 3600 mW __[AO SLM. The polarizer was set to achieve a 10X attenuation, and the power shown to the

20-Jul 20044 tap=84 MHz, tap power = 2490 mW __|left is 10X times the actuat power meter reading. Power is 213 mW with AQ SLM power

20-Jul 20045 tap=86 MHz, tap power = 1520 mW ___|off, and 0.75 mW (not multiplied by 10X) with the light completety blocked.

20-Jul 11:00 AM 20046 tap=88 MHz, tap power = 846 mW Each plot also contains a number of measurements of the network analyzer time delay

20-Jul 20047 tap=90 MHz, tap power = 529 mW timates. This will aid in tap frequency selection and time delay verification when

20-Jul 20048 tap=92 MHz, tap power = 424 mW testing with signals begins.

20-Jul 20049 tap=94 MHz, tap power = 383 mW

20-Jul 20050 tap=96 MHz, tap power = 337 mW

20-Jul 20051 tap=98 MHz, tap power = 296 mW

20-Jul 20052 tap=100 MHz, tap power = 283 mW

20-Jul 2:30 PM 20053 Undesired tap feedthrough frequency r|Taken with network analyzer driving AG SLM at 0 dBm, nothing into AO TDL.
Not clear why plots coming out in fler scale.

20-Jul 3.00 PM
The AO TDL subsystern was interfaced to the desired RF front end and the single-loop
elactronic canceller, as shown in Figure 4-22, p. 4-16, of 2/95 Final Report. With this
configuration, the electronic canceller worked as it had during the last C-band testing,
and we were able to get satisfactory looking canceliation of pulses by manually selecting
a tap frequency to align the pulses at the subtractor.
Plots will be generated for this cancellation perfermance during the “pre-testing” phase
tomorrow.

20-Jul 4:15 PM
When pulsed signals were put into the AQ correlator, correlations occurred but the zero
delay position of the correlation was off of the CCD array. Therefore the CCD array was
moved to a better position in the beam to achieve a zero delay condition on the aray.

20-Jui 4:45 PM 20054 AQ Correlator Output, 58 MHz

20-Jul 20055 AQ Correlator Output, 60 MHz

20-Jul 20056 AQ Correlator Output, 62 MHz These AO correlator frequency response plots were generated and saved in the files

20-Jul 20057 AQ Correlator Output, 64 MHz JUL20_32.XLS through JUL20 62.XLS. The results were comparabtle to the first set

20-Jut 20058 AQ Correlator Qutput, 66 MHz of tests for this day, but were not printed out in order to save time. The primary

20-Jul 20059 AQ Correlator Output, 68 MHz difference was a lower amplitude of correlation due to looking at a different location of the

20-Jul 20060 AO Corralator Qutput, 70 MHz AO cells, further away from the transducer.

20-Jul 20061 AO Correlator OQutput, 72 MHz

20-Jul 20062 AO Correlator Output, 74 MHz

20-Jul 0063 AO Correlator Output, 75 MHz

20-Jul 20064 AO Correlator Output, 76 MHz

A-4
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20-Jul 20065___|AO Cormrelator Output, 78 MHz
20-Jul . 20066 AQ Correlator Qutput, 80 MHz
20-Jul 20067 AQ Corretator Output, 82 MHz
20-Jut 20068 AQ Correlator Output, 84 MHz
20-Jut 20069 AQ Correlator Qutput, 85 MHz
20-Jul 20070 AO Correlator Cutput, 86 MHz
20-Jul - 20071 AQ Correlator Qutput, 88 MHz
20-Jul 20072 AQ Correiator Qutput, 80 MH2
20-Jul 20073 AQ Correlator Output, 92 MHz
20-Jut 20074 AO Coarrelator Cutput, 54 MHz
20-Jul 20075 AQ Correlator Output, 96 MHz
20-Jul 20076 AQ Correlator Qutput, 98 MHz
20-Jul 20077 AQ Correlator Output, 100 MHz
20-Jui 20078 AQ Correlator Qutput, 102 MHz
20-Jul 20079 AQ Correlator Output, 104 MHz
20-Jul 20080 AQ Correlator Output, 106 MHz
20-dul 20081 AO Correiator Output, 108 MHz
20-Jul 20082 AQ Corralator Output, 110 MHz
20-Jul 20083 AQ Correlator Cutput, 112 MHz
20-Jul 20084 AO Correfator Qutput, 114 MHz
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APPENDIX B

ON-SITE SUPPORT PERIOD TWO TEST MATRICES
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